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Integrated quantum optics becomes a consequent tendency towards practical quantum information processing. Here, we report the on-chip generation and manipulation of photonic entanglement based on reconfigurable lithium niobate waveguide circuits. By introducing periodically poled structure into the waveguide interferometer, two individual photon-pair sources with controllable phase-shift are produced and cascaded by a quantum interference, resulting in a deterministically separated identical photon pair. The state is characterized by 92.9±0.9% visibility Hong-Ou-Mandel interference. Continuous morphing from two-photon separated state to bunched state is further demonstrated by on-chip control of electro-optic phase-shift. The photon flux reaches ~1.4×10 7 pairs nm -1 mW -1 . Our work presents a scenario for on-chip engineering of different photon sources and paves a way to the fully integrated quantum technologies.
Numerous progresses have been achieved in integrated photonic circuits [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , providing a solid strategy for high-performance quantum information processing.
However, most of the photonic chips require external photon sources, which inevitably hinder the integration complexity, therefore further integration of photon sources together with the photonic circuits are of essential importance [11] [12] [13] . A solid strategy for achieving this multifunctional integration turns to the periodically poled lithium niobate waveguide circuits. waveguides are connected with fiber tips. The inset is the structure of electrodes, with the buffer layer (SiO 2 ) separated between the electrodes to suppress DC drift. interferometer, realizing a deterministic separation of an identical 1560 nm photon pair,
In this case the photon pair always emit from different waveguides, one from R 1 and the other from R 4 . The state is marked as
In a more general case, when the electro-optic phase-shift (EOPS) ϕ Δ is introduced, the state evolution in the chip can be written as
This can be addressed by quantum interference of two coherent photon-pair sources on the 2×2 coupler (C 1 ). The output state is a superposition of two-photon separated
, the photon pair always emit together from either R 1 or R 4 ). By varying the bias voltage, thus the phase difference, we will observe a continuous evolution from two-photon separated state to bunched state. Specifically, the photon-pair rate from R 1 and R 4 follows ,
while the photon-pair rate from R 1 or R 4 gives
The phase difference between two-path is calculated as not absolutely clean, containing some bunched portion, as shown in Fig. 2(d) .
To evaluate the conversion efficiency of our device, we configure the chip to emit separated state and measure the brightness of photon-pairs picked out by an interference filter with 14 nm bandwidth. The production rate of photon-pairs in the PPLN waveguides reached ~6.2×10 6 Hz when the pump power in the input fiber was 39 μW. Taking into account the coupling efficiency of the pump from the fiber into the waveguide, which was about 80%, only ~31 μW was used. The production rate of photon-pairs per units bandwidth and pump power was ~1. Recently a related work was published 11 which makes a great step toward fully integrated quantum optics by integrating entangled photons by four wave mixing (FWM) processes together with waveguide circuits on a silicon-on-insulator photonic chip. Silicon materials are considered to be competitive for quantum photonic devices for the mature fabrication technologies and accessible four wave mixing (FWM) photon sources [27] [28] [29] [30] [31] [32] . But at the present stage, the nonlinearity and phase-modulator still need to be improved. As a contrast, although the LN circuits contains larger footprint and the fabrication technology is not compatible with the CMOS electronics, it contains efficient PPLN waveguide photon sources and fast electro-optic modulators, which makes it more competent for on-chip engineering of quantum light sources. By a careful design of quasi-phase-matching section, the polarization, frequency, spatial mode and path degrees of freedom can be engineered during the SPDC processes. When associated with phase-controlled circuits more types of quantum light sources can be exploited. This would definitely pave a way for complex quantum information processing. Besides, the LN photonic chip can act as an alternative platform for quantum walk especially when the nonlinear PPLN section is embedded 33, 34 , which may stimulate applications in quantum searching algorithms.
